Replisomes are dynamic multiprotein machines capable of simultaneously replicating both strands of the DNA duplex. This review focuses on the structure and function of the E. coli replisome, many features of which generalize to other bacteria and eukaryotic cells. For example, the bacterial replisome utilizes clamps and clamp loaders to coordinate the actions required of the trombone model of lagging strand synthesis made famous by Bruce Alberts. All cells contain clamps and clamp loaders and this review summarizes their structure and function. Clamp loaders are pentameric spirals that bind DNA in a structure specific fashion and thread it through the ring shaped clamp. The recent structure of the E. coli β clamp in complex with primed DNA has implications for how multiple polymerases function on sliding clamps and how the primed DNA template is exchanged between them. Recent studies reveal a remarkable fluidity in replisome function that enables it to bypass template lesions on either DNA strand. During these processes the polymerases within the replisome functionally uncouple from one another. Mechanistic processes that underlie these actions may involve DNA looping, similar to the trombone loops that mediate the lagging strand Okazaki fragment synthesis cycle.
Introduction
Bruce Alberts first proposed the "trombone" DNA looping model of lagging strand DNA replication nearly thirty years ago. 1 DNA looping on the lagging strand is now well established in the T4 phage replication system, 2 and a variety of other replication systems. This review discusses the Escherichia coli system which, like T4, utilizes trombone DNA loops that are mediated by sliding clamps and clamp loading machines. These accessory factors provide high processivity to the polymerase, but also enable the polymerase to hop from one site to another for discontinuous synthesis on the lagging strand. 3, 4 The use of clamps and clamp loaders for chromosomal replication generalizes to eukaryotes and archae.
This review focuses on the mechanism by which blocks to leading and lagging strands are circumvented and proposes that DNA trombone loops underlie some of these mechanisms.
Encounter of a replication fork with a lesion is typically thought to lead to replication fork collapse. However, discovery of leading strand priming, and of translesion DNA polymerases, provide unexpected routes for lesion bypass without necessarily requiring collapse of a fork. 5, 6 Observations of discontinuous synthesis on the leading strand, not just the lagging strand, indicates that the leading polymerase is more dynamic than originally thought. This extra plasticity is likely to underlie some of the mechanisms by which replication forks circumvent blocks. First we describe the architecture and function of the E. coli replisome. Then we discuss mechanisms by which the replisome may continue its forward advance after encountering a block on either the leading or lagging strand.
The E. coli replisome
All cellular replisomes contain certain enzymatic activities in common. These include a DNA helicase to unwind the parental duplex, primase which makes short RNA primers to initiate DNA synthesis, and two DNA polymerases for leading and lagging strand synthesis. 7 A single-strand DNA (ssDNA) binding protein (SSB) is employed on the lagging strand to protect ssDNA from nucleases and to melt secondary structure. Replicases of cells from all three domains of life utilize circular sliding clamps, proteins that encircle the duplex and tether the polymerase to DNA for high processivity. 8 Sliding clamps are assembled onto DNA by a multi-subunit clamp loader machine that opens and closes the clamp around DNA in a reaction driven by ATP hydrolysis.
The architecture of the E. coli replication fork is presented in Fig. 1 and details of the proteins' subunits are given in Table 1 (reviewed in ref. 9) . At the head of the replication fork is the helicase, DnaB. DnaB is a homohexamer that encircles ssDNA on the lagging strand and uses ATP to translocate 5′-3′ along ssDNA to drive strand separation. The replicase, DNA polymerase III (Pol III) holoenzyme, contains one clamp loader which binds two molecules of the heterotrimeric Pol III core for coordinated replication of leading and lagging strands. The connection between the two Pol III cores is made by the two τ subunits within the multi-protein clamp loader. Each τ subunit contains a C-terminal 24 kDa region that is needed to organize the replisome through direct interaction with the Pol III core and DnaB, but is not needed for clamp loading (see Fig. 1 ). Connection of the leading strand Pol III core to DnaB (through τ) couples the energy of nucleotide incorporation with helicase unwinding action and enables DnaB to unwind DNA at a rate of 500-1000 nucleotides per s, at least 20-fold faster than DnaB acting alone. 10 
The sliding clamp
The β clamp is a homodimer in the shape of a ring. 11 Each β protomer consists of three domains that share a common chain folding topology, giving the clamp a six-fold symmetrical appearance. The replication apparatus of eukaryotes and archae also utilize a sliding clamp called PCNA. 12 PCNA clamps are homotrimeric 6-domain rings in which each protomer contains two domains. 13 Bacterial and eukaryotic clamps have similar inner and outer diameters, and share the same chain folding topology ( Fig. 2A) . Hence, sliding clamps from each of the three domains of life likely share a common ancestor in evolution. The facinating architecture of these clamps is reviewed elsewhere. 14 
The clamp loader
The E. coli clamp loader, referred to as the γ complex, contains 5 subunits required for clamp loading function, three molecules of γ and/or τ (they are interchangable as described below), and one each of δ and δ′; the γ complex also contains two small accessory subunits χ and ψ (reviewed in ref. 9 ).
The γ and τ subunits are encoded by the same gene, dnaX. The τ subunit (71 kda) is the full length product of dnaX, and γ (47 kda) is a C-terminal truncation product formed by a −1 translational frameshift. The γ subunit contains three domains which are necessary for clamp loading activity, while τ contains an additional C-terminal 24 kda that binds DnaB helicase and Pol III core. 15 The clamp loader that organizes a replisome containing two Pol III cores consists of three γ/τ subunits, along with one subunit each of δ, δ′, χ and ψ. 9 Only the γ/τ, δ′, and δ subunits are required for clamp loading activity. The χ subunit binds SSB and is held to the clamp loader through its connection to ψ. 16 The ψ subunit promotes an ATP-actived conformation that opens the β clamp. 18 The structure of the minimal clamp loader reveals a circular pentamer of γ 3 δδ′. 17 Interestingly, the γ/τ, δ and δ′ subunits are all members of the AAA+ family of ATPases. AAA+ proteins (ATPases associated with a variety of functions) generally interact with ATP and remodel other proteins. 19, 20 In the case of γ complex only the γ/τ subunits bind and hydrolyze ATP; δ and δ′ do not bind ATP. The γ and τ subunits are interchangeable in clamp loader function with δ and δ′. 21 For example, a clamp loader consisting of τ 3 δδ′ is as active as γ 3 δδ′. 21 The two N-terminal domains of all five subunits are homologous to AAA+ proteins, and the third domain forms the tight pentameric contacts. There is a gap between the AAA+ domains of the δ and δ′ subunits, and this gap provides DNA access to the center of the complex (Fig. 2B, left) . The β dimer is opened by the δ subunit, and the clamp interactive residues of δ are located on the Nterminal domain, indicating that the β ring binds underneath the complex where it may form connections with all of the subunits. 22 Eukaryotes and archae also contain a clamp loading machine consisting of five AAA+ subunits, referred to as RFC (replication factor C). 23 The structure of the eukaryotic RFC complex from S. cerevisiae bound to PCNA reveals further details of clamp loader mechanism. 24 RFC, like the E. coli γ complex, contains five clamp loading subunits arranged in a circular spiral (Fig. 2B) . Each RFC subunit is distinct, but all 5 are members of the AAA+ family, and there is a gap between the AAA+ domains of the RFC1 and RFC5 subunits. The PCNA clamp is located beneath the clamp loader. PCNA is closed in the RFC-PCNA-ATPγS structurewhich is likely due to the use of ATP site mutant RFC subunits, as biochemical studies demonstrate that ATP binding opens PCNA. [25] [26] [27] An EM reconstruction of an archael RFC-PCNA-ATP complex also reveals an open PCNA clamp. 28 The AAA+ domains of RFC are arranged in a spiral and form an inner chamber that approximates the pitch of duplex DNA. Conserved residues that line the inner chamber of the clamp loader bind duplex DNA and position it through the clamp (see Fig. 2B, right ).
An outline of the clamp loading mechanism of the E. coli γ complex is illustrated in Fig. 3 (reviewed in ref. 29) . ATP binding powers opening of the β clamp; hydrolysis is not required. Molecular simulations indicate that clamps open in a right-handed spiral, 30 like a lock-washer, consistent with EM analysis of the archael RFC-PCNA complex and with FRET studies of the T4 clamp. 28, 31 A right handed open spiral clamp fits nicely with the spiral pitch of the clamp loader subunits. The δ subunit opens the clamp, aligning the gap between δ and δ′ with the gap in the open clamp. Specificity in primer template recognition is achieved by the tight connections of the C-terminal domains of the clamp loader pentamer which block DNA from exiting through the top of the structure, and therefore impose a requirement that one end of DNA exits out of the gap between δ and δ′ in the side of the clamp loader. A primed template can fit into the clamp loader by virtue of the flexible ssDNA template strand which enables the sharp bend necessary to exit through the slot in the side of the clamp loader. In contrast, duplex DNA does not fit into the clamp loader because it lacks the flexibility necessary for this sharp bend. Once primed DNA is properly positioned through the ring, ATP hydrolysis results in ejection of the clamp loader, allowing the clamp to close around DNA (see Fig. 3 ).
Pol III core
Pol III core consists of three subunits in 1 : 1 : 1 molar ratio (α, ε, θ). 32 The α subunit contains the DNA polymerase activity and binds directly to the β sliding clamp, the ε subunit contains a 3′-5′ proofreading exonuclease activity, and the θ subunit stimulates the activity of ε. 9 The α subunit is a member of the C-family of DNA polymerases to which all bacterial replicases belong. 33 Until recently the C-family of DNA polymerases lacked a crystal structure representive. However, recent studies have solved the crystal structure of α from both E. coli and Thermus aquaticus. 34, 35 The structures show a right handed shape common to all DNA polymerases, with palm, fingers and thumb domains. The structures also reveal many unusual features of α subunit, including a fingers domain with four subdomains, plus a novel PHP domain (Fig. 2C ). The T. aquaticus PHP domain harbors a cryptic 3′-5′ exonuclease activity. 36 The most conserved structural feature among different DNA polymerase families is the catalytic palm domain. 37 Suprisingly, the α structures reveal that the palm domain of bacterial α C-family DNA polymerases has the chain folding pattern as found in the X-family DNA polymerases (i.e. eukaryotic DNA polymerase β). Until the structure of bacterial α was solved, the X-family palm chain fold stood alone, and was regarded as an evolutionary offshoot. But the fact that bacterial replicases have similar structures to X-family DNA polymerases suggests that these families may represent an early form of DNA polymerase during evolutionary development.
The lagging strand trombone cycle
The antiparallel structure of DNA and unidirectional action of DNA polymerases imposes the formation of DNA loops on the lagging strand of the replication fork as originally proposed by Bruce Alberts. 1 Study of this process in E. coli has shown that the "trombone" cycle is mediated by the clamp loader and sliding clamps, illustrated in Fig. 4 . The lagging strand Pol III core travels with the replisome and therefore the lagging ssDNA template is pulled up through the polymerase during synthesis, and the dsDNA product is extruded into the trombone loop. Loop growth is also fueled by continued helicase action and leading strand synthesis which extrudes ssDNA into the loop. The lagging strand polymerase must dissociate upon completing an Okazaki fragment, in order that it can extend an upstream RNA primer for the next Okazaki fragment. The scarce intracellular supply of Pol III (10-20 molecules per cell) and thousands of Okazaki fragments necessitate the rapid and efficient recycling of Pol III.
Rapid polymerase recycling conflicts with the picture of a polymerase held tightly to DNA by a ring. This conflict is solved in at least two different ways, both of which involve polymerase separation from its clamp. In one mechanism, termed "collision release", Pol III core is triggered to disengage from the β clamp upon finishing a DNA fragment, leaving β behind. 3, 4 The clamp loader repeatedly loads new β clamps at fresh primed sites for the lagging strand Pol III core. 38 Under some conditions, Pol III also disengages from its clamp prior to completing an Okazaki fragment. 39 This process is refered to as "premature release". It is also referred to as "signaling release", as studies in T4 and T7 phage systems indicate that premature release may be signaled by primer formation or assembly of clamps on RNA primers. 40, 41 In E. coli, the signal for premature release is unclear; it may even be mediated by force exerted on a DNA loop as explained later in this review.
The lagging strand cycle requires stoichiometric use of β clamps, one per Okazaki fragment. Stoichiometric use of β is consistent with its high intracellular concentration (~300 β dimers per cell). However, about 3000 Okazaki fragments are produced in one 30 min cell division cycle. Therefore approximately 10 Okazaki fragments are produced per β clamp, giving about 3 min for each β to recycle. Recycling of β is performed by the δ subunit, a clamp loader subunit that opens β and is present in the cell at a concentration sufficient to perform the clamp recycling task. 42 
Replication forks can leave DNA lesions behind in ssDNA gaps
Encounter of the replication fork with a DNA lesion may be a process that requires replication fork collapse, followed by a multi-step recombination process to repair the lesion. However, cellular studies show that ssDNA gaps are left behind replicated DNA on both leading and lagging strands in response to DNA damage in bacteria and eukaryotic cells alike. 43, 44 These observations imply that replication forks have mechanisms to skip over lesions. Several recent biochemical studies reveal mechanisms that may explain how replisomes can bypass lesions without necessarily undergoing replication fork collapse (described below). Lesions that cause replication fork collapse through DNA fragmentation (i.e. nicks) are repaired by the RecBCD dependent double strand break repair pathway. This review presents possible mechanisms that enable replisomes to proceed past lesions, either directly or by skipping over them. Readers that are interested in replication fork collapse and double strand break repair are referred to excellent recent reviews. 45, 46 Passage of a replication fork over a lesion on the lagging strand is conceptually easier to envision than skipping over a lesion on the leading strand. The reason for this is that the lagging strand is a discontinuous process initiated by multiple priming events, and the lagging strand polymerase rapidly hops from one Okazaki fragment to a new RNA primer. This dynamic process provides a route by which the replisome may skip over a lagging strand lesion (explained below). In contrast, the leading strand is extended in the same direction as fork movement and thus is thought of as a continuous process. It is difficult to envision how a continuous leading strand polymerase can hop over a lesion if there is no new primer on the other side of the lesion for the polymerase to attach to. In this situation the replication fork must collapse (i.e. the replisome must dissociate) to make way for recombination repair of the lesion, followed by reassembly of a new replisome. The kinetic block to reassembly of a replisome is the loading of DnaB helicase onto DNA. This job is performed by the PriA and PriC proteins; mutational analysis of the priA and priC genes supports their role in reassembly of collapsed replication forks in vivo. 45, 46 However, recent studies reveal that the replisome is surprisingly dynamic, and replication fork collapse may not always be a necessary consequence of replisome encounter with a leading strand block.
These new findings, and how they relate to the fluid processes that allow replication forks to pass lesions on either strand, are the focus of the sections to follow. We begin with the process of skipping over a lagging strand lesion, as it draws on the established model of lagging strand replication with relatively minimal changes. Then we deal with how replication forks skip over a leading strand lesion. In the last section, we will summarize how lesions may be bypassed directly by special translesion DNA polymerases that are designed specifically for this task. Translesion polymerases also utilize the β clamp, and therefore direct lesion bypass requires that DNA polymerases trade places with one another on the DNA sliding clamp.
Skipping over a lesion on the lagging strand
It is interesting to consider that less then ten years ago the commonly held view was that replication of the leading and lagging strands were tightly coupled events, and was considered an important reason that leading and lagging strand polymerases were connected together in a single replisome. Specifically, upon encountering a lagging strand lesion, the stalled lagging strand polymerase would communicate its blocked status to the leading strand enzyme and induce it to stop, thereby halting the replication fork altogether. Only after the lagging strand block was resolved could leading strand synthesis continue. Indeed, coupling such as this has been observed in the bacteriophage T4 and T7 replication systems. 47, 48 The proposal that leading and lagging strand polymerases are tightly coupled was quite attractive, but cellular studies supported the conflicting view that the two polymerases at replication forks are uncoupled. 43, 44, 49 More recent biochemical studies of the E. coli and T4 replisomes have demonstrated that the actions of the two polymerases uncouple when the lagging strand polymerase encounters a block to forward movement; leading strand synthesis continues at the same rate regardless of the block to lagging strand replication. [49] [50] [51] [52] In fact, lagging strand synthesis also continues after a block to the leading strand polymerase. 53 In each case the fork continues to replicate both strands and simply leaves the block behind in a ssDNA gap. Therefore, the leading and lagging strand Pol III cores are physically coupled, but are functionally uncoupled, and this enables the replisome to skip over lesions.
Uncoupled synthesis allows lagging strand blocks to be circumvented by premature release of the stalled lagging strand polymerase. Furthermore, the released Pol III core simply reassociates with new clamps on upstream RNA primers, allowing the fork to continue but leaving the block behind in a ssDNA gap (illustrated in Fig. 5 ). Interestingly, Pol III stalled at a lesion, or stalled by nucleotide omission, remains stably attached to its clamp on a simple primed ssDNA substrate, in contrast to premature release observed in replication fork systems that include DnaB helicase and primase. 3, 4, 52, 53 Hence, premature release of a stalled Pol III from β is an active process that occurs in the context of a moving replication fork. Premature release of the lagging strand enzyme has been observed in the E. coli replication system in the presence and absence of blocks. 39, 52 In the absence of blocks, premature release occurs when synthesis of Okazaki fragments is compromised by lowering the concentration of primase or by lowering rNTPs to limit primer formation; 39 these conditions result in extraordinarily long Okazaki fragments. Premature release of a blocked lagging strand enzyme is also thought to be preceeded by formation of an abnormally large DNA loop, caused by continued leading strand synthesis. 52 It has been suggested that primed sites lacking SSB may trigger release of Pol III from β, provided a replication fork continues until the intracellular supply of SSB is exhausted. 52 We propose another possibility in which the force generated by a DNA loop signals premature release of the stalled Pol III (explained below).
Uncoupled action at a replication fork with a blocked lagging strand polymerase will lead to an increasingly large lagging strand ssDNA loop due to continued unwinding and forward progression of the leading strand polymerase (see Fig. 5A ). As the replisome moves forward, this large loop will be brought along with the replisome and may constitute an ever increasing burden to carry. It seems reasonable to expect that the increasingly large loop may exert a force on replication fork progression due to viscous drag of the growing loop of ssDNA as it is carried along with the moving replisome. The ssDNA loop will also be coated with SSB, which adds several times the weight of ssDNA, thereby increasing the work load yet further. At some point the viscous drag of the loop may match the free energy of association between the blocked lagging strand polymerase and its clamp on DNA. Beyond this point, further loop growth will finally exceed the strength of attachment of Pol III core to β and the polymerase will be pulled away from its clamp, leaving a ssDNA gap (see Fig. 5B ). The stalled lagging strand polymerase will now be free to utilize an upstream RNA primed site and resume the generation of new Okazaki fragments. Whether the force generated by a large DNA loop indeed signals premature release of E. coli Pol III, or whether events related to priming provide the signal for premature release will require further studies of this important process.
A leading strand block and the triple Pol III replisome
A block to the continuous leading strand polymerase would appear, at first glance, to be much more difficult to circumvent than a block on the lagging strand. The underlying reason for this is the conception that the leading strand is continuous and thus has no new priming events, and thus no DNA loops to facilitate removal of a stalled polymerase and its replacement on a new upstream primed site. For this reason, most models for the induction of the SOS response to DNA damage imply that the leading strand polymerase stalls at a template lesion while the helicase continues to unwind DNA, thus generating leading strand ssDNA ahead of the stalled leading strand polymerase. The leading strand ssDNA then serves as a substrate for RecA binding which initiates cleavage of LexA repressor and induction of the SOS response that produces numerous proteins which facilitate replisome movement past lesions and recovery of collapsed replication forks. 7 Recent studies provide new alternatives to replication fork collapse of a leading strand polymerase stalled at a lesion on DNA. An alternate path is suggested by the remarkable finding that primase can function on the leading strand, and this provides a route for the stalled fork to continue by extending the new primer and leaving the block behind in a ssDNA gap on the leading strand, 45 consistent with the in vivo observations in both bacteria and eukaryotes of ssDNA gaps produced after DNA damage. 43, 44 The ssDNA gaps that are left behind in either leading or lagging stand lesions may trigger the SOS response.
It is interesting to contemplate the mechanism by which the stalled leading strand polymerase departs from its β clamp and transfers to a new clamp at the upstream primer. If the stalled Pol III is stably bound to DNA, it will require a signal to remove it from the β clamp. As proposed above, the signal for premature release of a stalled lagging strand Pol III may be the force generated by viscous drag caused by the large DNA trombone loop attached to the stalled Pol III. Extensive replication fork advancement requires that DnaB helicase be coupled to a moving leading strand polymerase. 10 In the absence of a moving leading strand polymerase, DnaB is a poor helicase; it continues slowly and stops after only 0.5-2 kb. 10 This action may result in a 0.5-2 kb ssDNA loop between DnaB and the stalled Pol III to which it is connected (i.e. through the τ subunit), and this may provide sufficient force to release Pol III from β. 53 However, a larger DNA loop may be required to generate sufficient force to pull a stalled Pol III from β. In this regard it is interesting to note that single molecule experiments reveal that a force of 34 pNs applied to template DNA is sufficient to stop T7 DNA polymerase. 54 We would like to suggest a mechanism by which a large DNA loop could be generated on the leading strand. The process makes use of the recent finding of an E. coli Pol III holoenzyme replicase that contains three molecules of Pol III core. 21 A triple Pol III replicase is based in studies of the τ and γ subunits and how they assemble with other subunits to form Pol III holoenzyme. Purification of τ and γ from the same cells (i.e. both τ and γ are produced by the same gene, dnaX) yields τ and γ homooligomers, not mixed oligomers, suggesting that the homooligomeric forms of τ and γ are the most stabile state. 55 Mixture of γ and τ along with all the other subunits of Pol III holoenzyme results in rapid assembly of a triple Pol III holoenzyme that contains a clamp loader having three τ subunits and no γ. 21 The triple Pol III holoenzyme is functional at replication forks in vitro. Hence, the physiological form of Pol III holoenzyme may be a triple polymerase (i.e. only τ and no γ), and the γ complex may be produced to assemble β onto DNA for use by the many other proteins that function with β (i.e. Pols I, II, IV, V, MutS, MutL, ligase, Hda protein). 56 In support of a triple Pol III holoenzyme, mutation of the frameshift site of E. coli dnaX, such that it produces only τ, does not impede cell viability suggesting that γ is not required for cell growth. 57 This result also implies that a clamp loader with three τ subunits is functional at the E. coli replication fork. In addition, examination of genomic sequences of numerous organisms suggest that many bacteria only produce the full length τ subunit from the dnaX gene, and this has been demonstrated experimentally in Aquifex aeolicus. 58 These bacteria lack γ and therefore their replicase will contain three τ subunits and three polymerases.
These several observations suggest that the cellular replicase contains three molecules of the Pol III core. Biochemical in vitro studies suggest that the two Pol III cores in one holoenzyme are sufficent for normal leading and lagging strand synthesis. 21 It has been proposed that the third Pol III core may act as a backup polymerase that is used if one of the other two polymerases becomes blocked or inactivated. 21 In Fig. 6 , we propose a model in which a triple Pol III replisome is uniquely suited to produce a large leading strand DNA loop at a replication fork containing a blocked leading strand enzyme. Upon stalling the leading strand polymerase, primase generates a new RNA primer ahead of the blocked polymerase on the leading strand 45 (Fig. 6B) . Upon assembly of a clamp on the new RNA primer, the third Pol III within a triple Pol III replicase will bind the new primer and couple with DnaB to form a replisome capable of rapid advance. Forward progression will result in formation of a large leading standDNA loop, and eventually the viscous drag on the growing loop may generate sufficient force to disengage the stalled Pol III from the β clamp, leaving a ssDNA gap behind on the leading strand (see Fig. 6C ).
Bypass of lesions by translesion polymerase exchange on β
Specialized error-prone translesion DNA polymerases exist that are capable of misincorporating a nucleotide across a template lesion, thereby extending DNA across the lesion. 5, 59 These DNA polymerases typically lack a 3′-5′ exonuclease, facilitating their advance over a lesion. Thus, another route by which a replisome may traverse a template lesion is by recruiting a translesion DNA polymerase, leaving behind continuous DNA that contains a mutation instead of a ssDNA gap.
E. coli contains two translesion DNA polymerases that are members of the Y-family, Pol IV and Pol V; they are induced by the SOS-response to DNA damage. Pol II is also induced by DNA damage, but is a B-family DNA polymerase and contains a 3′-5′ exonuclease activity. The function of Pol II is unclear, but it appears capable of traversing particular types of DNA lesions. All three damage inducible DNA polymerases of E. coli function with the β clamp, and they contain a consensus β-binding peptide sequence that fits into the protein-binding pocket on the clamp. 56 Since each protomer of the β homodimer contains an identical protein-binding pocket, two DNA polymerases could conceivably bind one β clamp simultaneously. Indeed, the structure of Pol IV-β suggests that there may be sufficient room for Pol III to bind β at the same time as Pol IV. 59 Biochemical studies have confirmed this prediction and have shown that Pol IV gains control of the primed site when Pol III stalls. 60 Additional studies confirm that DNA polymerases can trade places with one another on the clamp. 61, 62 Thus it may be presumed that all three damage inducible polymerases interact with β and take turns binding the clamp, enabling the template lesion to be sampled by the various translesion polymerases in a process referred to as "replication fork management". [63] [64] [65] The crystal structure of β bound to a primed site shows unexpected features of β function and suggests ways that polymerases may trade places on the clamp. 66 The structure shows that DNA goes through the β ring at a steep angle, ~22° (Fig. 7A) . Residues that bind to duplex DNA are located on surface loops that protrude from β and contribute to the tilt of DNA through the ring. The DNA binding loops of only one β protomer can bind DNA at any given time. Hence, one may expect that the DNA rapidly isomerizes, or "flips", between the two protomers, and this may facilitate switching of the single primed site among multiple polymerases attached to the same β clamp as illustrated in Fig. 7B . Similar conclusions have been reached from molecular simulation studies of PCNA. 67 The ssDNA portion of the primed site binds to the proteinbinding pocket of β. 66 This specific interaction of β with a primed template junction may act as a "placeholder" to hold the clamp at the primed site after Pol III dissociates from the clamp at a lesion (see Fig. 7C ). Indeed, after premature release of a stalled Pol III from β this interaction may enable β to stay at the primed site where it can be sampled by the various translesion DNA polymerases for lesion bypass.
Concluding remarks
Many recent and exciting studies indicate entirely new ways that the chromosomal replication apparatus may deal with blocks to replication. These studies reveal a remarkable plasticity of the replisome apparatus. The lagging strand polymerase need not hold onto its clamp until an Okazaki fragment is complete, nor must a blocked leading strand polymerase halt replication fork progression. Instead, DNA looping mechanims exist that enable stalled leading and lagging strand polymerases to disengage from their clamps and recycle to new primed sites rather than undergo replication fork collapse. One possible avenue for these events on the leading strand entails use of a triple polymerase replicase. Other mechanisms yet to be discovered may also contribute to replisome function and the ability to cross lesions. These and other exciting questions regarding replisome function await future studies.
Mike O'Donnell received his BS in Biochemistry from the University of Portland, Oregon, his PhD in Biochemistry from the University of Michigan, and postdoctoral training on multi-protein replication systems with Drs Arthur Kornberg and I. Robert Lehman, both in the Biochemistry Department at Stanford University. He joined the faculty of Cornell University Medical College in 1986 before moving to Rockefeller in 1996. He is also an investigator in the Howard Hughes Medical Institute and a member of the National Academy of Sciences. Architecture of the E. coli replication fork. The parental duplex DNA is unwound by the homohexameric DnaB (blue). DnaB encircles the lagging strand ssDNA and DnaG primase (purple) interacts with DnaB for activity in synthesis of an RNA primer (orange) on lagging strand ssDNA coated with SSB (white). The Pol III holoenzyme is composed of components as follows: leading and lagging strand Pol III cores (yellow) are held to their respective DNA strands by the β clamp (red), which is loaded onto primed sites by the γ complex clamp loader (green). The γ complex consists of one δ (light green), one δ′ (blue green), one γ and two τ subunits (dark green); the C-terminal extensions of τ bind Pol III core and DnaB. The clamp loader also contains two small subunits, χ and ψ (not shown) that are not required for clamp loading activity. Adapted with permission from ref. 68 . Clamp loading mechanism.
Step 1: The clamp loader binds ATP to adopt a conformation that allows it to bind the β clamp and open it.
Step 2: The clamp loader binds a primed template which enters into the central chamber of the clamp loader through the gap between δ and δ′ and the open ring.
Step 3: ATP hydrolysis ejects the clamp loader from β, allowing the ring to close around DNA. Model for skipping a lesion on the lagging strand. (A) The lagging strand Pol III core is stalled at a lesion (red stop sign). The helicase-leading strand Pol III core continues forward, producing an abnormally large lagging strand DNA loop. (B) The lagging strand Pol III core disengages prematurely from the clamp, leaving the lesion behind in a ssDNA gap, and transfers to a new β clamp on an upstream RNA primer. The signal for premature release is unknown, but could derive from the force of dragging the large DNA loop along with the replisome. Use of a triple Pol III replisome to skip over a lesion on the leading stand. (A) A Pol III holoenzyme containing three τ subunits contains three Pol III cores, one of which is "extra". The leading strand Pol III core is stalled at a lesion, and primase is shown priming the leading strand ahead of the stalled leading Pol III. (B) The "extra" Pol III core associates with β at the new leading strand RNA primer and connects to DnaB, thereby reactivating rapid fork progression. (C) Fork progression results in a growing DNA loop between the moving and stalled leading Pol III cores. (D) The stalled leading Pol III core releases from β, leaving the lesion behind in a ssDNA gap on the leading strand. Table 1 Proteins that function at the E. coli replication fork 
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